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FLUX TRAP EXPERIMENTS IN DjO-MODERATED 
THORIA-URANIA CORES 

by 

K. E. Plumlee 

ABSTRACT 

Experiments are reported involving 25 D2O and three 
small H2O internal thermal columns (lTC),or flux t raps , in
side annular thoria-urania cores . The moderator and the 
radial reflector were D2O. Several different fuel densities 
were used. ITC's were as large as 104 x 104 cm. Radial 
activation plots indicated central peaks up to ten t imes the 
fuel zone average at the midplane, and five t imes the fuel 
zone maximum. Available fuel and facilities were used to 
obtain data for evaluation of computational methods, which 
were reported separately. The limited selection of fuel p r e 
vented optimization of experimental cores . 

I. INTRODUCTION 

Several D2O and H2O-D2O thermal flux trap cores were assembled 
in the ZPR-VII Cri t ical Facili ty during 1959. Port ions of the data ob
tained in these cores have been presented in prel iminary repor ts . i • ) 
This report provides a comprehensive account of the experimental m e a s 
urements made with flux t rap configurations during the Thoria-Urania-
Deuterium (THUD) Crit ical Experiment.(3) 

A subsequent experiment, which has already been reported,(4- ) 
utilized an H2O flux t rap , an H2O moderator , highly enriched uranium fuel, 
and a per iphera l beryl l ium reflector. Currently there a re plans to pe r 
form a cr i t ical experiment with a more heavily loaded core of improved 
designC^) producing a near ly epithermal spectrum in the fuel zone. 

The assembl ies of this report included a wide range of fuel loading 
densities and configurations. The existing fuel and grids of the THUD ex
periment were used although a few fixtures were specially fabricated for 
flux t rap work. These included aluminum thimbles to contain internal 
(axial) H2O thermal columns, foil holders , and similar i tems. Fur the r 
work with fuel and geometry designed for the experiment might add sig
nificantly to the available information. 



Calculations made after the experiment were reported in Refer
ence 1. That report verified the experimental evidence that cr i t ical a s 
semblies could be made using a single, densely loaded, annular, fuel zone 
with relatively low resonance escape probability (P), having K^ < 1, ii 
properly reflected by internal and external D2O regions. (Fuel worth was 
negative for all fuel zone thicknesses exceeding ~4 cm.) Material constants, 
calculated critical dimensions, and calculated fluxes were given in that 
report. A typical core is shown in Fig. 1. 

112-4432 

Fig. 1. Photograph of ~3-cm-thick. Annular Fuel Zone 
Enclosing a Flux Trap 

Experimental measurements in clustered and in uniform lattice 
cores using the same fuel, moderator, and facilities were reported in 
Reference 3. General information given in the reference has not been 
duplicated in this report unless directly involved in calculations or 
adjustments. 



For readers not familiar with thermal flux trap reac to r s , the follow
ing general description is given of a flux t rap design, its advantages, and 
some suggested uses thereof. This may clarify the purpose of some of the 
experimental work. A quite large thermal flux peak can be obtained by 
building an annular fuel zone enclosing a central moderator region (some
t imes called a water gap, an internal thermal column, a flux t rap , or an 
internal reflector). In comparison to external reflector flux peaks, the 
internal peak or flux t rap may receive leakage neutrons from two or more 
directions instead of one; consequently, the flux peak may be considerably 
more abrupt in the flux t rap design. In addition to annular core designs, 
there have been suggestions to sever the annulus at the midplane, or to 
use spherical , hemispherical , or segmented fuel region shells. 

Prospect ive advantages of flux t raps are as follows: (a) If a cen
t ra l flux t rap appears sufficiently large and accessible for the highest-
level i r radiat ions envisaged, the power and fuel requirements of a r e sea rch 
reactor or i r radiat ion reactor may be minimized by using a flux t rap . An 
external reflector may still provide a large region of less intense flux for 
other i r radia t ions , (b) It may be possible to increase the maximum flux 
available for beams and irradiat ions by installing a flux t rap in a core that 
is l imited to a given maximum in the fuel zone by reactivity, coolant tem
pera ture , or heat t ransfer problems, (c) The magnitude of the thermal 
flux may be increased greatly, relative to that of the epithermal flux, by 
using a flux t rap of appropriate design. 

Potential uses for flux t raps include the following: Extremely high 
thermal fluxes are needed to provide beams of high intensity, to produce 
short- l ived isotopes, and to i r radiate samples which are in very l imited 
supply or have short half-l ives. Some experiments require a maximum of 
thermal flux but a minimum of epithermal flux to avoid contaminants p r o 
duced by reactions attributed to the fast and epithermal flux components 
normally associated with nuclear reac tors . Flux t raps may be designed 
to meet such requirements . 

II. SUMMARY 

Measurements were made with a wide range of flux t rap dimensions 
inside thoria-urania-fueled cores , which were moderated and reflected 
by D2O Roughly 25 D20-filled, and three small H20-filled, axial flux t raps 
were constructed. The flux trap dimensions ranged up to 104 x 104 cm. 
Fuel zones ranged from very dense to very dilute loadings, and from very 
thin (2.8-cm-thick annular fuel region) to broad (95-cm radius) regions. 
Resonance absorption was strong because of the limited selections of fuel. 

Activation peaks in radial t r ave r se s at the midplane were as high 
as ten t imes the two-dimensional average through the fuel zone, five t imes 
the maximum in the fuel zone, and three t imes the external reflector peak. 



10 

The g r e a t e s t p e a k s w e r e wi th r e l a t i v e l y th in , but d e n s e l y l o a d e d , fuel annu l i . 
The c a d m i u m r a t i o s of foil m a t e r i a l s i n c r e a s e d s ign i f ican t ly a s the s i z e of 
the flux t r a p s i n c r e a s e d . C o n s e q u e n t l y , p a r t of the a c t i v a t i o n p e a k m a y be 
a t t r i b u t a b l e to a shift in the n e u t r o n e n e r g y s p e c t r u m . 

An i n c r e a s e in r e a c t i v i t y acconnpan ied fuel r e m o v a l f r o m the ax i s of 
c y l i n d r i c a l c o r e s , b e c a u s e of the effect of r e s o n a n c e a b s o r p t i o n . Th i s gain 
in r eac t i v i t y was so p r o n o u n c e d in a t ight l a t t i c e tha t c r i t i c a l i t y w a s obtained 
with v e r y dense ly loaded fuel z o n e s having K^o l e s s than un i ty . R e m o v a l of 
the c e n t e r m o s t 767 fuel e l e m e n t s f r o m a s u b c r i t i c a l c y l i n d r i c a l c o r e con
taining 1482 fuel e l e m e n t s was suff ic ient to ob ta in c r i t i c a l i t y . Reac t i v i t y 
was c o r r e l a t e d wi th both the t h i c k n e s s of the a n n u l a r fuel zone (with an 
op t imum be tween 3.5 and 4.0 c m for the c a s e c i ted) and the r a d i u s of the 
flux t r a p . In al l c o r e s , r e a c t i v i t y i n c r e a s e d a s the r a d i i of D2O flux t r a p s 
w e r e i n c r e a s e d , up to 6 c m or l a r g e r . 

E x p e r i m e n t a t i o n with H2O ax ia l flux t r a p s i n s e r t e d into (or rep lac ing) 
D2O t r a p s was l imi t ed to 5 . 1 - c m r a d i u s and l e s s . F l u x peak ing w a s g r e a t e r 
in H2O t r a p s than in D2O t r a p s in the s a m e c o r e s . H o w e v e r , no H2O t r a p was 
ins ta l l ed in the m o s t dense ly loaded l a t t i c e , wh ich p r o d u c e d the g r e a t e s t 
peaks m e a s u r e d in DjO t r a p s . A c o n s i d e r a b l e l o s s of r e a c t i v i t y w a s a s s o c i 
ated with ins ta l l a t ion of the l a r g e r , H20- f i l l ed t h i m b l e s . C o n s e q u e n t l y , work 
with H2O t r a p s was quite l i m i t e d b e c a u s e of diff icul ty in load ing to c r i t i 
ca l i ty , and b e c a u s e safety a s p e c t s w e r e m o r e s e v e r e . 

Reac t iv i ty wor th of i n c r e m e n t a l i n c r e a s e s in DjO he igh t (dp/dH) 
w a s not g r ea t l y affected by in s t a l l a t i on of flux t r a p s in s e v e r a l of the cy l in 
d r i c a l c o r e s . The l a r g e s t change no ted w a s an i n c r e a s e of ~10% in the 
dp /dH of a c o r e with 3 0 . 5 - c m r a d i u s flux t r a p , a s c o m p a r e d wi th c y l i n d r i c a l 
c o r e s having the s a m e fuel spac ing . Since d p / d H m e a s u r e m e n t s m a y be 
used to indica te m i g r a t i o n a r e a s , it w a s not c l e a r why the D2O flux t r a p s 
did not g r e a t l y affect th i s c h a r a c t e r i s t i c s i nce they o c c u p i e d a r e g i o n of 
high i m p o r t a n c e . 

The ava i lab le fuel c o n s i s t e d of 1 5 2 - c m c o l u m n l e n g t h s of c e r a m i c 
t h o r i a - u r a n i a pe l l e t s in a l u m i n u m tubing. The two v a r i e t i e s h a d 1 5 / l and 
25 /1 a tomic r a t i o s (Th /U"5) . P e l l e t r a d i i w e r e 0. 33 and 0. 30 c m . The 
tubing had inne r and outer r ad i i of 0 . 36 -0 .40 , and 0 . 3 1 - 0 . 3 9 c m , r e s p e c t i v e l y . 
F u e l e l e m e n t s w e r e pos i t ioned by i n s e r t i o n t h r o u g h g r i d p l a t e s hav ing open 
ings 0.95 c m c e n t e r - t o - c e n t e r in a t r i a n g u l a r p a t t e r n . F u e l e l e m e n t s w e r e 
spaced m mul t i p l e s of 0.95 c m (or Ao) f r o m 0.95 t h r o u g h 5.71 c m (6A0), and 
the m e a s u r e m e n t s involved 0.95, I .90 , 2 .85 , and 5 . 7 1 - c m t r i a n g u l a r - s p a c e d 
l a t t i c e s . D2O pu r i t y r a n g e d downward f r o m an in i t i a l va lue of 97 .8% to a 
final va lue of 97.2% b e c a u s e of exchange wi th a t m o s p h e r i c m o i s t u r e . 

F u e l conta ining a l a r g e amoun t of p a r a s i t i c a b s o r b e r (ThO,) w a s 
u s e d b e c a u s e of i t s r e a d y ava i l ab i l i t y , and the n e e d of da ta for e v a l u a t i o n 
o± computa t iona l m e t h o d s . 
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Although the fuel zones conserve fissionable mater ia l , because of 
their conversion ratios (-0.3 to -0 .6) , the power levels extrapolate (for the 
bet ter cores) to 360-450 MW for lO" thermal neutron flux intensity in the 
flux t rap . The large size feasible with D2O flux t raps may prove suffi
ciently at tractive to offset the relatively high power levels involved. Im
proved outlook may result from better fuel and geometry. These assemblies 
have peculiari t ies that may prove to be useful. Void worth was negative in 
all cases measured, whereas light-water systems may have regions of both 
positive and negative void worth. Samples inserted on the axis of large 
flux t raps had no measurable effect on reactivity. Rather large t raps could 
be constructed with little loss of reactivity. 

III. FOIL ACTIVATION TRAVERSES 

A. Radial Peak- to-average Ratios 

Activation peaks as large as ten times the average in the fuel zone 
were obtained in radial activation plots (Figs. 2 to 5). Table I l ists the 
radial peak-to-average activations, fuel zone dimensions, run numbers , 

Dy - DYSPROSIUM 

CCI - CADMIUM COVERED INDIUM 

I I I I I M M I I I I M I L 

2U 32 no Ue 66 6U 72 16 214 32 "40 ne 56 6U 72 

Fig. 2. Radial Activation Traverses in Annular Cores 
with High Fuel Density 



Fig. 3. Radial Activation Traverses in Annular 
Cores with Moderate Fuel Density 

2 5 2 - I Mn 

Fig. 4 

Radial Activation 
Traverses in An
nular Cores with 
Low Fuel Density 
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ACTIVATION RATIOS AND ASSEMBIV DESCRIPTIONS 

Liadlng 
& Run No. 

449-1, -4 

448-1 

447-1, -2 

m-\, -2 

399-1 

398-1, -3 

397-1, -4 

396-1 

395-1, -2 

394-1, -4 

393-1 

391-1 

374-1, -2 

367-1, -2 

365-1 

364-1, -6 

363-1 

361-1, -4 

359-1, -2 

358-1, -3 

357-2 

357-1 

356-1, -2' 

271-2 

270-2 

269-1 

268-3 

266-2 

265-1 

264-2 

263-2 

262-2 

261-1 

253-3 

252-1 

251-3 • 

"Ratio of e 

Approx^Peak'Specific Power-

Fuel Zone 
Avg 

Not me 

0.033 

0.035 

0.032 

0.025 

0.048 

0.154 

0.164 

0,182 

0,136 

0.112 

0.031 
(central i^) 

0.070 
(reflector^) 

0.115 

0.136 

0.150 

0.112 

0.129 

1.115 

0,091 

0.070 

0.78" 

0.78" 

0.78 

0,32 
(central i^l 

0.72 
Irefleclor 4,) 

sllmateri thermal 

Fuel Zone 
Max 

sured 

0.023 

0.025 

0.026 

0.015 

0.019 

0,052 

0.070 

0.091 

0.084 

0.066 

0.021 

0.049 

0.080 

0.080 

0.098 

0.084 

0.076 

0.070 

0.066 

0.039 

0.059 

0.42 

0.36 

0.36 

0.32 

0.32 

liiv in fliiv lr;in 

Ratios Of Peak 
Activity to Mid
plane Fuel Zone 

Avg Max 

Not measured^ 

6.9 

7.4 

6.7' 

5.2 

10.0 

4,4 

4.7 

5.2 

3.9-

3.2" 

0.88 
(central! 

2,0 
(radial 
reflector 

3,3-̂  

3.9-

43+ 

3,2" 

3.7 

3.3 

2.6+ 

2.0 

2.4 

2.4 

2,4-

1.0 

2.2 

noaL tn fie 

4.9 

5.3+ 

5.4 

3.2 

40 

1.5 

2.0 

2.6 

2.4+ 

1.9" 

0.61 

1.4 

2.3-

2.3-

2.8 

2.4 

2.2+ 

2.0 

1.9 

1.4 

L7 

1.3" 

1.1+ 

i.r 
1.0+ 

1.0+ 

Fl 

Material 

D2O 

D20 

D20 

D20 

D20 

OjO 

02O 

D̂ O 

D20 

020 

D20 

None 

D2O 

H2O 

H2O 

HjO 

H2O 

H2O 

H2O 

H2O 

Void 

[>20 

fitone 

None 

D20 

D2O 

D20 

DjO 

D2O 

D20 

D2O 

D20 

l*ne 

D̂ O 

D2O 

D̂ O 

l*>ne 

None 

.. 

X Trap 

Dimensions 
(cml 

67.9 X 67.9 

64.6 X 64.6 

63.5 X 63.5 

104.0 X 104,0 

27.7" radius 

26.9 

25.4 

16,4 

15.3 

13.8 

10.6 

None 

-28.0 

5.1 

5.1 

5.1 

7.6 

5.1 

3.2 

2.5+ 

2.5* 

2.6+ 

None 

(*ne 

30.5 

23.7 

17.1 

17,1 

16.2 

12,9 

9.3 

43 

None 

11.1 

8.2+ 

5.4 

None 

None 

Approx Fuel Zone 
Dimensions (cm) 

Inner 

67,9 X 67,9 

64.6 X 64.6 

63.5 X 63.5 

104.0 X 104.0 

27.7" radius 

26.9 

25.4 

16.4 

15.3 

13.8 

10.6 

None 

-28.0 

Hex. 5.6" 
equiv. radius 

Hex. 5.2 
equiv. radius 

5.6'radius 

-7.9 

5,6" 

44 

2.6+ 

2.6+ 

2.6+ 

30.5 

23.7 

17.1 

17.1 

16.2 

12.9 

9.3 

4,3 

11.1 

8.2+ 

5.4 

Outer 

83.8 X 83.8 

83,8 X 83.8 

83.8 X 83.8 

124.5 X 124.5 

30.5 radius 

30.5 

28.1 

19.3" 

19.3" 

19,3" 

19.3-

19,3" 

-41.0 

29.0+ 

30.5 

30.5 

30.8 

30.5 

27.6 

27.6 

27.6 

27.6 

27,6 

27,6 

44.5 

44.5 

44.5 

31.1 

31.1 

31.1 

31,1 

31.1 

31.1 

990 

99.0 

99.0 

99,0 

99.0 

Critical D2O 
Height in Fuel 
and Trap (cml 

148.8+ 

116,1 

107.7" 

142.3 

115.9-

108.6" 

118.5" 

141.2 

135.9 

145.2 

l>lot critical 

Not critical 

147.8" 

161.9 

139.1 

138.2 

Not critical 

137,0 

140.9 

132.6 

137.4 

131.7 

133.2+ 

133.2+ 

123.2 

91.0" 

76.8" 

137.2" 

118.6 

108,0" 

103.1 

103.3" 

104.5 

122.7 

113,5 

108.2 

105.3 

105,3 

fJumber of 
Fuel Pins 

488 

588 

624 

936 

670 

840 

568 

403 

550 

715 

1032 

1482 

739 

812 

893 

899 

925 

899 

743 

755 

755 

755 

762 

762 

970 

1268 

1526 

651 

743 

829 

901 

953 

977 

1047 

1064 

1076 

1082 

1082 

Lattice 
Spacing 

(cm) 

1.905 

1.905 

1.905 

1.905 

0.953 

0.953 

0.953 

0,953 

0,953 

0.953 

0953 

0.953 

1.905 

1.905 

1.905 

1,905 

1.905 

1.905 

1.905 

1.905 

1.905 

1.905 

1.905 

1,905 

1.905 

1.905 

1.905 

1.905 

1.905 

1.905 

1.905 

1,905 

1.905 

5.715 

5.715 

5.715 

5.715 

5.715 

Fuel 
Type 

15/1 

15/1 

15/1 

15/1 

15n 

15/1 

15/1 

15/1 

15/1 

15/1 

15/1 

15/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

S/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

25/1 

•Ratio of estimated thermal flux in flux trap peak to fissions per liter-second in the fuel region at the midplane 
"Calibrated measurements of tfiermal flux Intensity and fission rate. See Section ETof this rei»rt. 

and criticality measurements. The fuel types, lattice spacing, and t rap 
compositions are also given. All cores were assembled in a 103-cm 
mside-radius vessel which was filled with D2O to the indicated height's 
during critical dimension measurements. Moderator purity was estimated 
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to be b e t w e e n 97 .8% D2O in i t i a l ly ( lower run n u m b e r s in Table I) and 
97.2% f inal ly . The change w a s a t t r i b u t e d to m o i s t u r e exchange wi th the 
a t m o s p h e r e , s i nce the r o o m w a s v e n t i l a t e d by in take f r o m o u t d o o r s . A i r 
i n s ide the r e a c t o r v e s s e l and the dump tank diffused wi th r o o m a i r wh i l e 
the t ank c o v e r w a s off for c o r e c h a n g e s . 

It w a s n o t a b l e in the f i g u r e s tha t flux peak ing g e n e r a l l y i n c r e a s e d 
wi th the w id th of the D2O t r a p s un t i l an o p t i m u m o c c u r r e d . Al though p l o t s 
w e r e not m a d e wi th the w i d e s t t r a p s , it w a s ev iden t that such l a r g e c e n t r a l 
m o d e r a t o r r e g i o n s p r o v i d e d a l a r g e s u b c a d m i u m a c t i v a t i o n in c o m p a r i s o n 
to e p i c a d m i u m a c t i v a t i o n . 

An a t t e m p t to p lo t a r a d i a l n e u t r o n flux shape w a s c o n s i d e r e d , but 
it w a s conc luded tha t the u n c o r r e c t e d ac t i va t ion d i s t r i b u t i o n would be m o r e 
use fu l . B e c a u s e the n e u t r o n e n e r g y d i s t r i b u t i o n v a r i e d r a d i c a l l y a long 
r a d i a l t r a v e r s e s , the a c t i v a t i o n d i s t r i b u t i o n w a s af fec ted s ign i f ican t ly by 
s p a t i a l v a r i a t i o n in effect ive c r o s s s e c t i o n s of the d e t e c t o r fo i l s . 

C o n s e q u e n t l y , it should be no ted tha t a d j u s t m e n t s m u s t be m a d e b e 
fo re c o m p a r i n g the a c t i v a t i o n p lo t s wi th compu ted flux s h a p e s . 

It would be m o r e a p p r o p r i a t e to c o n v e r t c o m p u t e d flux d i s t r i b u t i o n s 
to n e u t r o n d e n s i t y d i s t r i b u t i o n s for c o m p a r i s o n with t h e s e two p l o t s . 

B. T r a v e r s e Techn ique 

F o r e a c h i r r a d i a t i o n , two or m o r e foil t r a v e r s e s w e r e i n s e r t e d 
a long r a d i a l d i r e c t i o n s of a p p r o a c h (six) t o w a r d the c e n t e r of the t r i a n g u l a r 
l a t t i c e g r i d Some c o r e s w e r e loaded wi th an ax ia l l a t t i c e pos i t i on , which 
r e s u l t e d in t r a v e r s e s m i s s i n g the exac t c e n t e r by the r a d i u s of the c e n t r a l 
fuel p in (even though it h a d b e e n r e m o v e d ) . O the r c o r e s w e r e c e n t e r e d b e 
tween l a t t i c e p o s i t i o n s , and t h e s e t r a v e r s e s p a s s e d t h r o u g h the c e n t e r The 
H20- f i l l ed t r a p s inc luded f i x t u r e s for p r e c i s e pos i t ion ing of t r a v e r s e fo i l s . 
F o i l m a t e r i a l s w e r e d y s p r o s i u m - a l u m i n u m , m a n g a n e s e , and U -Al . A 
l i m i t e d a m o u n t of w o r k w a s done wi th gold and ind ium. F o i l d e s c r i p t i o n s 
a r e g iven in Tab le II. F o i l s w e r e t aped to long, e n a m e l e d s t ee l s p l i n e s 
0 015 c m th i ck and 1.27 c m wide (Lufkin s t e e l ru l e r e p l a c e m e n t b ade ) . 
F o i l s w e r e he ld down by M y s t i c - b r a n d tape which i n c o r p o r a t e d s i l i cone a d -
h e s i v e on M y l a r s t r i p . 

Table II 

FOIL DESCRIPTIONS 

Material 

Au 
Dy-Al 
Cu 
In 
Mn-Cu 
Enriched U 

Composition 

Pure 
3.7% Dy 
Pure 
Pure 
90% Mn 
93,2% U"* 

Size (cm) 

X 1 & 0.584 
0.584 

, X 1 & 0.584 
0.584 d 
0.584 d 
0.584 d 

Thickness (cm) 

0.0025 
0.0023 

0,0025 SI 0.005 
0.0127 
0.0086 

0.0025 & 0,0127 

Weight (g) 

0.049 & 0.0145 
0.017 ± 0,001 
0,021 & 0,0055 
0,029 + 0.003 

0.015+ 
0,012 & 0,057 



C. Fo i l Data Handling 

Fo i l a c t i va t ions w e r e counted and r e c o r d e d by a u t o m a t i c equ ipmen t . ( ^ 
The r e c o r d e d data w e r e c o r r e c t e d for c o u n t e r dead t i m e , b a c k g r o u n d , and 
decay ( s t anda rd decay c o n s t a n t s w e r e app l i ed , w h e r e ava i l ab l e ) by the 
IBM-704 compu te r us ing the A N L - 8 0 7 / R E - 2 0 2 (FORTRAN) code , which 
p roduced both t abu la ted and p lo t t ed da ta . U^^^ f i s s ion p r o d u c t a c t i v i t i e s 
w e r e d e c a y - c o r r e c t e d by u s e of c o n c u r r e n t l y coun ted n o r m a l i z i n g fo i l s , 
ut i l iz ing a p p r o x i m a t e l y 1 MeV d i s c r i m i n a t i o n and i n t e g r a l count wi th 5 - c m -
dia X 5 - c m - t h i c k Nal(Tl) (Ha r shaw b r a n d ) s c i n t i l l a t o r s . The m a j o r i t y of 
the f5-emitting foils w e r e /3-counted us ing P i l o t - B b r a n d , thin ( 0 . 0 8 - c m ) , 
p l a s t i c s c i n t i l l a t o r s c o v e r e d by 0 . 0 1 - c m - t h i c k a l u m i n u m foil . 

The t r a v e r s e p lo ts w e r e s u p e r i m p o s e d and a v e r a g e d (v isual ly) to 
aid in e l iminat ing d i s c r e p a n c i e s a r i s i n g f r o m count ing e r r o r s , fuel boundary 
i r r e g u l a r i t i e s , and flux t i l t . B e c a u s e of the s t eep r a d i a l g r a d i e n t s , s c a t 
t e r ing was no t i ceab le . The m a i n i n t e r e s t w a s in d e t e r m i n i n g the flux t r a p 
peaks and the ave rage ac t iva t ion l e v e l s of the foi ls in the fuel zone , wh ich 
did not depend heavi ly on the g r a d i e n t s . 

T r a v e r s e data w e r e not c o r r e c t e d for flux d e p r e s s i o n c a u s e d by the 
foils or the spl ines to which they w e r e a t t a c h e d . S ince t r a v e r s e s p a s s e d 
be tween fuel p ins , the foil a c t i va t ions a lways w e r e in the m o d e r a t o r . 

The flux t r a p reg ion p r o d u c e d l a r g e c a d m i u m r a t i o s ( i . e . , indica t ing 
a soft t h e r m a l s p e c t r u m ) , whi le the fuel zones p r o d u c e d low c a d m i u m r a t i o s 
(hardened s p e c t r u m ) . The e p i c a d m i u m flux componen t d e c r e a s e d a s a 
function of d i s tance f rom the fuel zone . Consequen t ly the change in n e u t r o n 
c r o s s sec t ion was s ignif icant within the length of a t r a v e r s e , even for foi ls 
of ident ical weight and s i ze . 

° - Effect of F lux T r a p Radius on Radia l Ac t iva t ion D i s t r i b u t i o n s 

-̂ Leas t Densely Loaded F u e l Zone (6Ao l a t t i c e spac ing) 

Data taken with 6AO l a t t i ce spac ing in the fuel zone a r e p lo t t ed 
m F ig . 6. The fuel annulus was quite th ick b e c a u s e of r e a c t i v i t y r e q u i r e 
m e n t s , and only a thin, p e r i p h e r a l , D2O r e f l e c t o r r e m a i n e d b e t w e e n the 
fuel and the r e a c t o r v e s s e l . 

" I ' I ' I -

OUTER FUEL BOUHDJRY 

AT 99 m — ^ 

(HO RADIAL REFLECTOR) 

I ' ' ' I l _ i _ L 
FLUX TRAP RADIUS. 

F i g . 6 

Effect of F l u x T r a p Rad ius on 
Ac t iva t ion D i s t r i b u t i o n of 
C o r e s wi th Low F u e l D e n s i t y 
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The enlarged, D2O, flux t rap radius resulted in increased flux 
peaking, throughout the range of the experiment. However, the major im
provement was obtained in the first few centimeters radius. Fur ther en
largement produced little improvement. 

2. Intermediate Loading Density in Fuel Zone (2Ao lattice spacing) 

Data taken with 2Ao lattice spacing in the fuel zone are plotted 
in Fig. 7. The flux trap peak was affected by the radius of the t rap and by 
the thickness of the annular fuel region. 

OUTER FUEL BOUNDARY 

AT UU.5 cm a 

- OUTER FUEL BOUNDARY 

AT 31 .1 cm — » -

I I I I I J L I I I 
20 2? 2n 26 29 

D,0 FLUX TRAP RADIUS, 

I I ' I ' I ' I ' I ' I ' I 1—I—\—I—^ \ r 
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n 
m 
n 
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cm 

•t-0.5 

• 0 . 1 

+0 .5 

1 

CORE 
RADIUS, 

cm 

3 0 . 5 

30 .5 

2 9 . 0 

2 7 . 6 

I I i ^ I 

H 0 FLUX TRAP RADIUS, 

F i g 7. Effect of Flux Trap Radius on Activ 
of Cores with Moderate Fuel Density 

ation Distribution 

With D2O flux t raps , the activation peak increased as the radius 
of the t rap increased, up to 17 cm. An abrupt decrease occurred at smaller 

^ H because of unduly thin fuel zones, which were predominating effects. 
loZillT^clr i.el zones increased the flux peak obtained with the same 
flux t rap radius. 



With HjO flux t r a p s , a m o r e a b r u p t i n c r e a s e in the c e n t r a l 
peak was found with i n c r e a s e d r a d i u s than in the D2O t r a p s . The effect of 
loading a t h i cke r fuel zone w a s n o t i c e a b l e wi th an H2O flux t r a p r a d i u s of 
5.1 c m and fuel zone t h i c k n e s s e s of 2 4 - 2 5 c m . 

3. Most Dense ly Loaded F u e l Zone (AQ l a t t i c e spac ing wi th 15 /1 

fuel) 

The s m a l l e s t flux t r a p r a d i u s for wh ich c r i t i c a l i t y w a s obta ined 
was 13.8 cm. The ac t iva t ion peak w a s t en t i m e s the a v e r a g e ac t i va t ion of 
the t r a v e r s e through the fuel zone . I n c r e a s i n g the flux t r a p r a d i u s th inned 
the fuel zone and d e c r e a s e d the ac t i va t ion p e a k a b r u p t l y . E n c l o s u r e of 
l a r g e r flux t r a p s r e s u l t e d in somewha t l e s s f a v o r a b l e p e a k s than wi th 
13 .8 - cm r a d i u s , as shown in F i g . 8. 
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• 
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I ' M ! 
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0 
0 
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RADIUS, cm 

19.3 

28. 1 

30 .5 

1 1 1 

' 

D 

1 

1 1 

-

— 

\ -

1 1 

F i g . 8 

Effect of F l u x T r a p Radius 
on Ac t iva t i on D i s t r i b u t i o n 
of C o r e s wi th High F u e l 
Dens i ty 

FLUX TRAP RADIUS 

An op t imum probab ly would have been found in the g e n e r a l range 
of the 1 3 . 8 - c m - r a d i u s flux t r a p if fu r the r e x p e r i m e n t a t i o n had b e e n done. 
C r i t i c a l i t y a p p e a r e d to be l imi t ed to a n a r r o w r a n g e of fue l - zone t h i c k n e s s 
and to a l imi ted r ange of flux t r a p r a d i u s , a s we l l . 

E. Axial Act iva t ion T r a v e r s e s 

In m o s t c o r e s , ac t iva t ion t r a v e r s e s w e r e m a d e in the ax ia l pos i t ion 
and a l so in the fuel zone. The p e a k - t o - a v e r a g e va lue s a v e r a g e d about 0.72, 
with no t iceab le v a r i a t i o n f rom t r a v e r s e to t r a v e r s e . C a u s e s of t h i s v a r i a 
bi l i ty w e r e thought to be the bo t tom r e f l e c t o r and the change in m o d e r a t o r 
depth f rom co re to c o r e . Difficulty in e x p e r i m e n t a t i o n w a s e n c o u n t e r e d 
b e c a u s e of s teep g r a d i e n t s in the v ic in i ty of the t r a v e r s e s . 
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IV. REL.A.TION OF FLUX TRAP RADIUS AND REACTIVITY 

Reactivity was increased by removal of fuel near the axis of cylin
drical cores , up to a flux trap radius of 6 cm or grea ter . This effect was 
more noticeable with the more reactive fuel and with the more densely 
loaded fuel zones (see Figs. 9 to 12). The optimum flux trap size, reactivity-
wise, was generally smaller with the thinner fuel zones; however, the most 
densely loaded core was exceptional. 

In the most densely loaded cores (lAo lattice cores fueled by 
15/1 fuel), experimentation included loading 1482 identical fuel elements 
into a 19.3-cm-radius cylinder, which proved to be subcrit ical. Removal 
of the 450 center-most fuel elements increased reactivity, but not suffi
ciently to produce cri t icali ty. Removal of 317 more fuel elements produced 
a cri t ical core. Removal of 165 more elements increased reactivity still 
further. 

I'W/: 
FUEL ZONE THICKNESS, 

112-4429 

I I I I I I I I I I 

— F T - H Z I 3 

FT- FLUX TRAP REGION 
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I I I I I I I I I I I 

I M I I M M I M 
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RADIAL DISTRIBUTION 

ESTIMATED CURVE 
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APPROX- 2.8 cm 

\ THICK FUEL ZONE 

ESTIMATED CURVE 
FOR 3.6 TO 3.8 cm 
THICK FUEL ZONE 
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INSIDE BOUNDARIES OF FUEL ZONES 

I I I I I I I I I I M 
0 12 lU 16 IB 20 22 Zt 26 28 30 32 3U 6 B 
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10 12 IH 16 18 20 22 2« 26 28 30 32 

112-4431 
Fig. 9. Critical DjO Height vs Flux Trap Radius (15/1 Fuel lAo) 
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Fig. 10. Critical DjO Height vs Flux Trap Radius (25/l Fuel 2Ao, 
with HjO and DjO Flux Traps) 
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Fig. 12. Critical D2O Height vs Half-width 
of Flux Trap (Wide Traps) 

Fur ther experimentation with the densely loaded fuel zone indicated 
that there was a strong relationship between fuel zone thickness and r e 
activity At 3.5 to 4.0 cm thickness, the reactivity of the fuel zone appeared 
to be maximized. This is explained in Reference 1 on the basis thatk,^for 
the fuel zone, the multiplication factor of an infinitely large core, was less 
than unity, but that criticality could still be obtained for reflected cores , 
in a limited range of geometry where the ratio k^/p„ exceeds unity, p 
being the resonance escape probability in the uniform (infmitely large) fuel 
zone. 

It is to be noted that criticality was obtained under res t r ic ted con
ditions of geometry, with a fuel zone which initially appeared to be mca-
pable of crit icali ty. Reactivity was affected both by fuel zone thickness and 
by flux trap size. Whenever resonance absorption is a factor it can not be 
a l sumed that par t ia l removal of fuel from an assembly will always reduce 
reactivity, par t icular ly in circumstances involving densely loaded fuel zones 
where the moderator may fill all the space vacated. 

Insertion of an axial, l ight-water-filled thimble into a D2O flux trap 
(displacing D2O) reduced reactivity. This reduction was not sufficient to 
cancer the gain for small D2O flux t raps. Consequently, it appeared that 
the installation of light water flux trap would increase reactivity up to a 
radius of 3 or 4 cm if the intermediate step (prior mstallation of a D^O 
trap) were omitted. 



The 5.1-cm-radius HjO trap reduced reactivity quite effectively in 
a 28.6-cm-radius core, but it is not clear whether this would have been the 
case if the fuel zone had been larger . As may be seen in Fig. 5, there was 
a noticeably less favorable flux peak in the 28.6-cm core than was obtained 
in a 30.5-cm core enclosing the same H^O flux t rap. This would indicate a 
possibility that reactivity might be affected in a similar way. 

V. COMPARISON OF ABSOLUTE FLUX AND 
FISSION RATE MEASUREMENTS 

WITH A CALCULATED RATIO 

One of the major considerations in evaluation of various cores is the 
ratio of peak flux in the flux t rap to power level in the core. Two measure 
ments of absolute flux and fission rates were made in the 6Ao cores . The 
results agreed quite well with the ratio that was calculated for the same two 
points from foil-activation t raverse data. Although sizeable correct ions 
were included in the comparison, the technique is straightforward and well-
known, and the agreement lends credence to the resul ts presented in Table I. 
The tabulated values were the result of calculations utilizing the radial acti
vation averages of the same tables, and disadvantage factors from Refer
ences 3 and 9 for uniform lattice cores . 

Flux trap foils were 0.584-cm-diameter, 0.0025-cm-thick gold. The 

product of thickness times macroscopic absorption cross section ( 2 
a 

0.87 X Z 1 was 0.0129 = T . Identical foils were i r radiated in the Ar-
^2200 / A u 

gonne Standard Pile (a radium-beryllium neutron source in graphite) at 
positions having known thermal flux and cadmium rat ios . The relative 
(thermal) activations were measured and the absolute thermal neutron flux 
in the flux trap was estimated from the measured rat ios . A 2200-m/sec 
equivalent flux of 1.36 x 10* was indicated by bare foil activit ies. However, 
subtraction of the epicadmium activation (CdR = 12) resulted in measured 
values of 0tĵ  = 1.25 x 10* in runs 253-4 and 261-5. Flux perturbations by 
the foils nearly canceled, being estimated at 0.9681 in the Standard Pile, 
and 0.9685 in the D2O flux trap. The te rm [1/2 - E3(T) ] /T was est imated 
to be 0.969 in both locations,(1 O) where E3(T) is the exponential integral 

f' [exp(-X)/x']dx. 
•'0 

Fuel zone foils were 93% enriched in U^̂ ^ and were 0.584 cm in di
ameter and 0.013 cm thick. Their weights were -66 mg. Radiochemical 
measurements gave values of 9.87 x 10'° fissions per gram of bare uranium 
foil for 30 min run time The irradiation position experienced 1.33 t imes 
the average foil activation in the fuel zone midplane, and 1.33/2.4 t imes that 
of the flux trap peak where the flux was measured. 
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The e x p e c t e d f i s s i o n r a t e c a l c u l a t e d f r o m the a b s o l u t e flux m e a s u r e 
m e n t and the r a d i a l foil a c t i v a t i o n s h a p e s w a s 9.88 x 10'° f i s s i o n s p e r g r a m 
of u r a n i u m (93% e n r i c h e d ) in 30 m i n r u n t i m e . The t h e r m a l flux 0 = 1.25 x 
10^ X 0.64 X 1.33/2.4 = 4.46 x lO'' in the u r a n i u m foil l oca t ion , inc luding a 
flux p e r t u r b a t i o n e s t i m a t e of 0 .64. The e s t i m a t e s w e r e b a s e d on a c a l c u l a t e d 
va lue of T = 0.3235 and [ l / 2 - E^irWr = 0.65 for t h e s e fo i l s . The e x p e c t e d 
t h e r m a l f i s s i o n r a t e p e r g r a m of foil w a s c a l c u l a t e d a s fo l l ows : 

^thnOf = 4.46 X lO'' X (0 .93 /235) X 6.023 x 1 O" x 0.87 x 582.2 x 10"^^ 

Since the c a d m i u m r a t i o w a s 52 ( R e f e r e n c e 3, T a b l e XXXVI), the b a r e a c 
t iv i ty should be 1.02 t i m e s the f i gu re c a l c u l a t e d above . The f a s t f i s s i o n 
f ac to r (e) i s t a k e n to be uni ty. The e s t i m a t e for a b a r e foi l , i r r a d i a t e d for 
1800 s e c , i s t h e r e f o r e 

No. of f i s s i o n s p e r g r a m = e x 5.38 x 1 O'' x 1.02 x 1.8 x 1 0^ 
= 9.88 X 10'°. 

C o n v e r s i o n of the m e a s u r e d f i s s i o n r a t e in a foil to that of the fuel 
zone r e q u i r e s d i v i s i o n by the p r o d u c t of flux p e r t u r b a t i o n a s s o c i a t e d wi th 
the foil (0.64) t i m e s the fuel d i s a d v a n t a g e f ac to r (1.24 in the 6A0 fuel zone) . 
Th i s i n d i c a t e s a f i s s i o n r a t e p e r g r a m of u r a n i u m fuel (93% e n r i c h e d in 
U"5) of 1.26 t i m e s tha t in the foil . The U"^ dens i ty was 2.86 g / l i t e r of 
fuel zone , and the foil was l oca t ed in 1.33 t i m e s the a v e r a g e m i d p l a n e a c t i 
va t ion . The f i s s i o n r a t e p e r l i t e r of fuel zone a v e r a g e d (at the midp lane ) 
was c a l c u l a t e d a s f o l l o w s : 

No. of f iss ions per l i te r (per sec) = 5.38 x 1 O' x 1.02 x 1.26 x 2.86/(0.93 x 1.33) 
= 1.6 x 10*. 

The v e r t i c a l flux shape for m o s t c o r e s would r e d u c e the vo lume a v e r a g e to 

- 0 . 7 2 t i m e s the m i d p l a n e a v e r a g e . 

VI E X T R A P O L A T I O N TO ESTIMATED REACTOR P O W E R 
F O R 1 0 ' ' P E A K T H E R M A L FLUX 

Rough e s t i m a t e s w e r e m a d e of the r e a c t o r power r e q u i r e d to p r o d u c e 
a 10^' p e a k flux in the flux t r a p . T h e s e e s t i m a t e s app l ied r a t i o and p r o p o r 
t ion wi th no effor t to a c c o u n t for t e m p e r a t u r e and power coef f ic ien t s . They 
i n d i c a t e the g e n e r a l l e v e l s to be expec t ed , and the t r e n d s , a s v a r i o u s f a c t o r s 
a r e a d j u s t e d . 

S t a r t i ng wi th the m e a s u r e d (and expected) f i s s i on r a t e f r o m Sect ion V 
for c o r e 2 6 1 - 1 , the fol lowing a p p r o x i m a t i o n s w e r e m a d e : The m e a s u r e d 



central peak thermal flux was 1.25 x 10*, and the midplane average fission 
rate was 1.6 x 10* fissions per l i ter. By proportion, the power required to 
obtain a l o ' ' flux with a 3730-liter core operating at an average of 0.72 x 
the midplane power is 

( l0"/0-78l) x 3730 x 0.72/(3.1 x lO'') = -1110 MW. 

Power levels for other cores were estimated by multiplying the 
volumes by the same specific power indicated above (i .e. , 0.2976 MW/liter) 
and by the ratios between the two cores of fuel densi t ies; of inverse d is 
advantage factors; and of inverse peak to average rat ios . Disadvantage 
factors were obtained or deduced from References 1 and 3. The resulting 
values are tabulated in Table III. 

Table III 

EXTRAPOLATED POWER TO PRODUCE lO" PEAK THERMAL FLUX 

Loading 

3 9 9 
3 9 8 
397 

3 9 5 

3 9 4 

367 

3 6 5 
361 

3 5 9 
3 5 8 

271 

2 7 0 

2 6 9 
2 6 8 

2 6 6 

2 6 5 

2 6 4 

2 6 3 

261 
253 
252 

Disadvan tage 
F a c t o r 

1.28 
1.28 
1.28 
1.28 
1.28 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.24 
1.24 
1.24 

U235 

Densi ty 

199.0 
199.0 
199.0 
199.0 
199.0 

25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 
25.74 

2.86 
2.86 
2.86 

Volume of 
F u e l Zone 

( l i t e r s ) 

59 
70 
54 

59 
87 

4 1 2 

3 9 5 
3 8 7 

3 2 9 
3 1 5 

406+ 
406" 
4 0 7 

2 9 1 
2 6 3 

2 7 2 

2 8 5 

3 0 8 
3731 
3471 
3322 

E s t i m a t e d P o w e r 
L e v e l for 

10'^ F l u x (MW) 

4 1 8 

4 6 8 

3 5 7 

5 4 9 
4 2 0 

6 2 1 

5 5 9 
4 9 4 

5 6 1 

6 5 2 

8 2 1 

6 9 3 

6 3 1 

6 0 3 

4 7 3 

5 4 9 
7 2 8 

1022 
1110 
1033 

989 
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VII RISING PERIOD MEASURElvdENTS 
OF INCREMENTAL WATER WORTH 

Plots of reactivity worth of moderator (dp/dH-vs-H curves) indicated 
little effect attributable to an axial flux t rap installed in 2Ao lattice cores 
fueled by 15/l or 25/ l elements. Data points were indistinguishable be
tween cores with and without flux t raps except for two measurements with 
a core (No. 271) enclosing a trap having a 30.5-cm radius. These two 
points were about 10% higher than the curve approximating dp/dH for the 
remaining data. Data for uniform lattice cores were from Reference 3. 
Data of 2Ao flux trap cores were selected from Table IV. The plot is 
shown in Fig. 13. 

L o a d - r u n No. 

261 -4 ' 
2 6 1 - 9 ' 

3 5 8 - 1 ' 
3 5 8 - 2 ' 
3 6 1 - 3 ' 
361-4 ' 
3 6 4 - 1 ' 
3 6 4 - 3 ' 
3 6 5 - 1 ' 
367-2 ' 
3 9 7 - 2 ' 

Table IV 

RISING PERIOD MEASUREMENTS 

AD2O Height 

0.762 
1.016 
0.889 
0.762 
1.524 
1.524 
1.320 
0.952 
1.727 
1.727 
1.283 
1.016 
1,333 
1.067 
3,048 
1,27 

Ini t ial D2O 
Height 

113,82 
120,92 
122,81 
101,60 
124,94 
122.68 
131,70 
132,64 
132.64 
136,65 
137,01 
137,67 
139,42 
139,14 
161.90 
118,45 

Ris ing P e r i o d 
(sec) 

41,51 
34.77 
44.80 
51.49 
25.23 
25,20 
37.47 
84,76 
37.92 
44.42 
71,02 
98.75 
69,75 
95.45 
45,05 
55.62 

Approx* p 

0.001505 
0.00167 
0,00144 
0,00132 
0.0020 
0.0020 
0.0016 
0,0009+ 
0,0016 
0 ,0015-
0 ,0011" 
0,0008+ 
0,0011 
0.0009" 
0.0014+ 
0,0013-

p /AH 

0,00198 

0,00164 
0,00162 
0.00173 
0.00131 
0.00131 
0,00121 
0.00095 
0.00093 
0.00087 
0.00086 
0.00079 
0,00071 
0,00082 
0.00046 
0.00102 

*A p e r i o d - r e a c t i v i t y t abu la t ion for cy l ind r i ca l c o r e s was 

r i s i ng p e r i o d to r eac t iv i ty . 

Lised in conver t ing 

2 5 / 1 FUEL COMPOSITION 
{Sa CORES) 

_L ± . I 

D 0 HEIGHT, cm 
2 

Fig. 13. Approximate Differential Water Worth Near Critical 
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VIII. APPROXIMATE WORTHS OF CADMIUM, 
D P , AND U"^ SAMPLES 

The worths of cadmium, D2O, and U"^ samples were measured in 
a few flux trap cores. The information was obtained to indicate relative 
worths of absorbing, fissionable, and moderating mater ia ls in various cores 
and at different locations in some of the cores . 

A few samples were loaded for measurements of their effect on 
critical water height. The dp/dH measurements of water worth (see Sec
tion VII) were used in converting these measurements to reactivity effects. 
Rising period-reactivity curves used in the dp/dH measurements were for 
a uniformly loaded cylindrical core of 2Aci lattice spacing and were not 
modified to account for the presence of a flux t rap . Little e r r o r is believed 
to result from this approximation. The measurements are tabulated in 
Table V. 

CADMIUM S A M P L E WORTH 
(Static) 

Run No. 

254-5 , -6 
254-5 , -7 
2 5 4 - 1 , -2 
260-1 
261-3 
261-4 
261-9 
261-12 
266-3 
271-3 
271-4 
3 6 4 - 1 , -2 
3 6 4 - 1 , -3 

Locat ion and 
Sample Type 

Axial (A) 
Axial (B) 
Axial (A) 
81 .3 -cm r a d i u s (B) 
Axial (B) in flux t r a p 
Axial (C) in flux t r a p 
79 .25 -cm r a d i u s (4xA) 
63,50-cnn r a d i u s (4xA) 
Axial (D) in flux t r a p 
Axial (A) in flux t r a p 
35 .56 -cm r a d i u s (A) 
Axial (A) in H^O flux t r a p 
18, 1-cm r a d i u s (A) 

C r i t i c a l 
DjO Height and 

M e a s u r e d Change 
(cnn) 

1 13.49 + 1 , 3 1 
113.49 + 8,60 
113.49 + 1.30 
111.87 + 1.19 
120.82 + 8.44 
120.82 + 0.11 
121.16 + 1.65 
121.16 + 4.66 
117.07 + 6.93 
121.26 + 3.68 
121.26 + 1.42 
137.67 + 3.10 
137.67 + 1.75 

A p p r o x 
R e a c t i v i t y * 

-0 .0028 
-0 ,0186 
-0 ,0028 
-0 ,0026 
-0 ,0152 
- 0 . 0 0 0 2 -
-0 .0030 
-0 ,0084 
-0 ,0109 
-0 ,0048 
-0 .0019 
-0 .0024+ 
-0 .0014 

R e a c t i v i t y / c m 
(x 10*) 

-1 .63 
-1 .37 
-1 .63 
-0 .21 
-1 .03 

-
- 0 . 4 1 
- 1 . 1 1 
-3 .26 
-2 .56 
-1 .03 
-1 .14 
-0 .67 

Adjus ted 
V a l u e * * 

(x lo") 

-3 .26 

-
-3 .26 

-
-
-

-0 .82 
-2 .22 
-6 .52 
-5 ,12 
-2 ,06 
-2 .28 
-1 .34 

Sample D e s c r i p t i o n s 

(A) Cadmium tube, 0 .089-cm ID X 0 , ! 9 1 - c m OD, having ^ D L / 4 = 0 , 1 5 x L c m ^ Sample 
was full c o r e length, 

(B) Cadmium s leeved tube (used with s a m p l e c h a n g e r ) , ex tending f rom 3 8 - c m l e v e l to 
top of c o r e , OD was 2.06 cm, including 0.05 1 - c m - t h i c k c a d m i u m s l e e v e ; 
•7rDL/4 = 1.62 x L c m ^ 

(C) Voided sample changer guide tube without c a d m i u m s l e e v e ; see (B), 

(D) Cadmium tube, 0 . 3 4 - c m O D , having 7 T D L / 4 = 0.27 x L c m ^ Sample w a s full c o r e l eng th . 

• R e a c t i v i t y - p e r i o d t ab les for c y l i n d r i c a l c o r e s w e r e used to c o n v e r t AH to r e a c t i v i t y . 

** Adjusted value is a p p r o x i m a t e r e a c t i v i t y p e r cm^ a b s o r p t i o n ad jus t ed to the m i d p l a n e 
loca t ion for c o m p a r i s o n with o s c i l l a t o r s a m p l e s ; s e e Tab le VI . (The fu l l - l eng th s a m p l e 
va lues per cm w e r e doubled and may be o v e r e s t i m a t e d s ince t he p r e s e n c e of a bo t tom 
re f l ec to r may have affected th is t e r m . ) 
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Samples of highly enriched uranium, cadmium, and D p were stepped 
in and out of three crit ical cores for comparisons of their relative worths, 
as shown in Table VI. Reactivity was estimated on the basis of the ampli
tudes observed in a recorder t race of amplified and bucked current output 
from a boron-coated, ion current chamber as the samples were stepped in 
and out of the core with 10- or 15-sec waiting t ime. Although a "prompt 
jump" flux change following sample insertion of withdrawal is approximately 
linear with a small reactivity effect producing the change, it has the nature 
of a somewhat localized flux perturbation and may not produce identical r e 
sponses in flux detectors that are not identically positioned relative to the 
sample and the core. Consequently, these data were compared to static 
measurements using the cadmium samples as a basis of comparison. For 
three comparisons with static measurements of cadmium tubing samples, 
ratios of 0.734, 0.645, and 0.500 were noted, the smallest value being ob
tained for a sample inserted at approximately 18-cm radius. (The flux de
tector remained at a single, fixed location outside the fuel zone during all 
measurements . The samples were all stepped to the same depth in the fuel 
elements regard less of moderator level.) 

OSCILLAUD SAMPI I MEASUREMENTS 

Run No, 

266-4 

364-5 

364-6 

Sample 

Location 

(Axial, samples in 
02Of lux trap) 

(Axial, samples in 
H2O (lux trap) 

(Samples in (uel 

a n n u l u s " ) 

Description 

Empty osc, can 

CO. 11.43 X 0,34-cm 00 
O2O, 22 g 
U, enr iched ' 

Empty osc. can 

Cd. 11.43 X 0.19-cm OD 
D2O. 22 g 
U. en r i ched ' 

Empty osc. can 

Cd, 11,43 xO,19-cm 00 

0 2 a 22 g 

U, enr iched ' 

»1)235) .^ 2,495 0; dimen 

Amplitude 
(%) 

-0,275 

-2,209 
+0,235 
+0.892 

-0,064 

-0.436 
-0.070 
+0,351 

-0.023 

-0,193 
+0.018 
+0.054 

ions. 10.16 X 

Reactivity (%1 

Total 

-0.01925 

-0,154 
+0.01645 
+0.0624 

-0,00448 

-0.03052 
-0.00490 
+0,02457 

-0,00161 

-0,0135 
+0.0126 
•0.00378 

),95 x 0.013 

Net 

-0,135 
+0,0357 
+0.0817 

-0.0260 
-0.0004 
+0,0291 

•0,0119 
+0.0142 
+0.00539 

cm. 

Reactivity per 
Unit Sample 

-4.79 X 10"^ p/cm2 
+0,16x10-4 p/g 
+3,27 X 10-4 p/g 

-1,47 X l O " ! p/cm^ 
-0.00 X lO-* p/g 
+1.17 X 10-* p/g 

-
-0.67 X 10-* p/cm2 
+0.065 X 10-4 p/g 
+0.22 X lO-* p/g 

Ratio vs Static 
Measurement 

0.734 

0.645 

0,500 

Corrected lo 
Stadc 

Measurement 

-6.52 X lO"" 
+0.22 X 10-4 
+4,45 X 10-* 

-2.28 X lO"* 
-0.00 X 10-* 
+ 1,81 X 10-* 

-1,34 X 10 ' * 
+0 ,13x10- * 
*0,44 X 10-* 

" Sample clianger located at 18,1-cm radius (rom axis o( (lux trap 

Sample guide (ube replaced one (uel pin (rom core. See Tab(c K. 

' Cadmium sample (dermal cross sections estimated at itOL/*, See 

inserdng samples in(o guide tube in (uel annulus, 

no(es B and C, 

Tab leZ notes A and D, 

Sample reactivity worths were estimated from measurements of the 
"prompt jump" associated with their insertion (or withdrawal) from the r e 
actor. The following formula was used (a derivation is indicated in the 
appendix): 

Ak/k = [An/n(0-^)] e^ . 

The t e rm [An/n(0+)] is the measured change An in neutron density, divided 
by the resulting density n(O-f). The other t e rms are the fast fission factor e 
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and the effective delayed neutron fraction /3. These t e rms were taken to be 
unity and 0.07, respectively. The available measurements were instrument 
deflections which were linear with neutron flux leakage from the reactor in 
the vicinity of the flux detector. 

IX. DESCRIPTION OF CORES AND FLUX TRAPS 

A. Fuel Types 

Three types of fuel were utilized for flux t rap cores which used the 
same elements as those reported in Reference 3. These were designated 
by their atom ratios {Th/v"^), which were 15/ l , 2 5 / l , and 5 o / l . Diameters 
of fuel pellets were 0.660, 0.587, and 0.587 cm, respectively. Densities were 
8.36, 8.655, and 8.476 g/cm' . Weights of oxide per fuel element were est i 
mated to be 434.6, 357.2, and 349.8 g. This was broken down to content of 
thorium, uranium, U^'^, and oxygen, as follows: 

(15/l fuel) 434.6 g = 355.9 g Th -I- 25.85 g U (24.04 g U"^) + 52.8 g O2; 

(25/1 fuel) 357.2 g = 300.51 g Th + 13.25 g U (12.35 g U"^) + 43.4 g O^; 

(50/1 fuel) 349.8 g = 300.6 g Th 4- 6.66 g U (6.21 g U"^) + 42.5 g O2. 

Nominal lengths of the stacked pellet columns were 152.4, 152.6, and 
152.6 cm. The 15/l fuel was contained in nominal 0.793-cm OD, Type 1100 
aluminum tubing of 0.036-cm wall thickness and 155.3-cm length. Based on 
a weight of 34.49 g, the inside and outside diameters were estimated to be 
0.718 and 0.787 cm, respectively. The top and bottom plugs were Type 6O6I 
aluminum weighing 2.0 and 2.5 g. The 25/ l and 50/ l fuel were contained in 
nominal 0.793-cm OD, Type 1100 aluminum tubing of 0.081-cm wall thickness 
and 154.62-cm length. Based on a weight of 81.525 g, the inside and outside 
diameters were estimated to be O.6IO and 0.787 cm. The top and bottom 
plugs were Type 6061 aluminum, weighing 2.1 and 2.5 g. 

Spectrochemical analyses indicated no significant variation from the 
nominal amounts of impurities in the aluminum tubing. 

B. Lattice Spacings 

Lattice spacings were A^ (Q.953" cm or s / s in.), 2Ao, 3Ao, and 6A0, 
all being based on an equilateral, tr iangular lattice in the same grid. 

C. Fuel Zone Dimensions 

Fuel zone dimensions were measured and also est imated from the 
cell areas and from the number of fuel elements loaded. Since the triangular 
lattice spacing did not produce smoothly curved fuel zone boundaries, there 
were locations where the fuel zones deviated by half a lattice space in one 
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or both edges, from the stated radii . Typical fuel zone boundaries were 
formed by swinging an a rc with a pointer fastened to a (temporary) central 
pin on the axis of the flux t rap . Any fuel element reached by this pointer 
would then be removed, if changing an inner boundary, or retained, if 
changing an outer boundary. 

The values for effective inner and outer radii of annular fuel zones 
were based on calculations of the radii of cylinders of the same c ro s s -
sectional area as the given number of cells . The number of cells was the 
number of fuel elements in the fuel zone, or the number of vacant positions 
within the flux t r ap . The area per cell was 0.433 x (lattice spacing)^ 

D. Flux Trap Dimensions 

Flux t raps were formed by removing fuel from the vicinity of the 
core axis , or by loading annular fuel zones, etc. Flux t raps ranged in size 
up to 104 x 104 cm. Effective radii of cylindrical D^O flux t raps were cal
culated on the basis of equivalent cross-sect ional a reas for the number of 
vacant cells (i .e., number of fuel elements removed to form the trap). Ac
tual boundaries were somewhat i r regular and varied by as much as half a 
lattice space about the effective figure. This variability was inherent in 
the use of a tr iangular grid pattern in approximating cylindrical geometry. 
The D2O height in the core was the same as that in the flux t rap. 

H,0 fluxtraps were constructedby inserting HP-f i l led thimbles through 
axial grid openings, thus displacing D p from the t rap region during reactor 
operation At least a small D^O region always remained between each H2O 
thimble and the annular fuel zone. The H p level was roughly the same as 
that of the D p in the core. 

E. Description of Fuel Zones 

The more important features of the fuel zones are summarized in 

Table VII. 

F u e l Rat io 
( U ^ " / T h ' " ) 

2 5 / 1 
2 5 / 1 
2 5 / 1 
15/1 
15 /1 

L a t t i c e * 
P i t c h (cm) 

5.715 
2.858 
1.905 
1.905 
0 ,953-

Table VII 

DESCRIPTION O F F U E L Z 

F u e l P e l l e t 
Radius (cm) 

0,2972 
0,2972 
0.2972 
0.3302 
0.3302 

Cell Size 
(cm^) 

28,28 
7,06 
3,14 
3.14 
0,786-

ONES 

U^^^ Densi ty 
(g / l i t e r ) 

2.86 
11,46 
25.74 
49.79 

199.0 

~^^. 

0.0051 
0,0191 
0,0406 
0,0628 

• * 

- ^ f 

0,0031 
0,0120 
0.0259 
0.0445 

** 

• T r i a n g u l a r l a t t i ce spac ing . 

**Because o£ the v a r i a t i o n in neu t ron ene rgy spectrum_ in the th: 
lAo la t t i ce spac ing , no e s t i m a t e of Ŝ ^ or 2f • 
dependent and v a r y with r a d i u s . 

fuel zones having 
ince these a r e s p e c t r u m -
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A P P E N D I X 

D e r i v a t i o n of F o r m u l a for E s t i m a t i o n of R e a c t i v i t y C h a n g e s 
by M e a s u r e m e n t of P r o m p t J u m p in N e u t r o n Dens i ty 

T h e a p p r o x i m a t e r e a c t i v i t y w o r t h of a s a m p l e m a y b e e v a l u a t e d f r o m 
the " p r o m p t j u m p " in n e u t r o n d e n s i t y wh ich a c c o m p a n i e s s t e p w i s e s a m p l e 
i n s e r t i o n in to (or w i t h d r a w a l f rom) a r e a c t o r . Such m e a s u r e m e n t s h a v e b e e n 
u s e d wi th n u m e r o u s a d a p t a t i o n s and v a r y i n g d e g r e e s of s o p h i s t i c a t i o n a t v a r 
ious s i t e s . T h e d e r i v a t i o n s tha t follow s t a r t e d wi th E q u a t i o n 25 R e a c t o r 
Handbook ( P h y s i c s ) A E C D - 3 6 4 5 , p. 537, Ch. 1.6, or w i th E q u a t i o n 5.25 of 
R e a c t o r Handbook , Second Ed i t ion ( I n t e r s c i e n c e P u b l i s h e r s ) , Vol . I l l , P a r t A. 
The e q u a t i o n s i nvo lve n e u t r o n d e n s i t i e s n(t) a t t i m e s z e r o and z e r o -I- ( jus t 
b e f o r e and j u s t a f t e r a s t e p r e a c t i v i t y inpu t ) , t he e f fec t ive m u l t i p l i c a t i o n c o n 
s t an t k, f a s t f i s s i o n f a c t o r e, and e f fec t ive d e l a y e d n e u t r o n f r a c t i o n |3. Only 
a l g e b r a i c m a n i p u l a t i o n i s r e q u i r e d . T h e two r e f e r e n c e e q u a t i o n s l ead to 
s l igh t ly d i f f e r e n t r e s u l t s . 

E q u a t i o n 25 i s 

n(0) 1 
n(O-h) 

k 1 - ( k - l ) / ( k e p ) ' 

Subs t i t u t ing 1 + Ak for k, and n(0 -I-) - An for n(0) r e s u l t s in 

An g p ^ An e p F 
^ ^ " n(O-H) 1 - (EjS n(0) 1 - e /3 ' 

w h e r e 

F = n(0)/n(0-H). 

V a r i o u s l y , one m a y so lve for k (k = 1 -1 Ak) or for p = A k / k , a s fo l lows: 

Ak _ An £/3 An e P F 
P "^k~ ~ 1^(0+) 1 - e | 3 F ~ n(0) 1 - e ^ F ' 

o r 

p = [An/n(0-^)]e/3 . 

If one s t a r t s wi th E q u a t i o n 5.25 i n s t e a d of Equa t ion 25, s l igh t ly d i f fe ren t r e 

s u l t s a r e o b t a i n e d . E q u a t i o n 5.25 is 

N I / N O = n(0+) /n(0) = l / ( l - p / p ) 

p = A k / k = [ A n / n ( 0 + ) ] (3. 

T h e r a t i o b e t w e e n the two e s t i m a t e s of p i s t h e r e f o r e e/{l - e ^ F ) , 
o r a p p r o x i m a t e l y e - ( l + e ^ F ) . S ince e i s n e a r uni ty in t he c o r e s c o n s i d e r e d 
in th i s r e p o r t , the two r e s u l t s a r e n e a r l y equa l . 
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